Abstract
1.
Introduction Image enhancement area of image processing is replete with numerous algorithms which range from simple to complex formulations. Earlier linear, statistics-based contrast enhancement algorithms were initially developed for greyscale image contrast enhancement [1] . However, relatively recent algorithms utilize advanced and complex schemes for enhancement of colour images.
The successful rendering of high dynamic range (HDR) images on low dynamic range display (LDR) devices is an ongoing and active field of study. The algorithms for performing this task are referred to as tonal mapping operators (TMOs) and the most popular include the Homomorphic filter [2] , and Retinex [3] algorithms. Numerous variants of the latter exceed the former due to the multiple processes incorporated into the formulation. However, the Retinex still has its drawbacks such as halos, greyish tint for certain images and colour distortion and fading. Later works attempted solutions using colour restoration functions and operating in alternative perceptual colour spaces [4] , which yielded dramatic colour results. Also, Quaternion Fourier Transform methods have been utilized for colour enhancement [5] [6] , though with mixed results. Other alternative approaches include usage of Particle Swarm Optimization (PSO), Genetic Algorithm (GA), Wavelets, Dynamic Stochastic Resonance (DSR) [7] .Additionally, the problems of overexposure of bright image regions and visual halos still persist. Thus, several formulations in the literature have attempted to solve this problem in various ways with varying degrees of success.
It is impossible for an image processing algorithm to work best for all known images though reasonable results for most images is expected. This is experienced with algorithms such as the contrast limited adaptive histogram equalization (CLAHE) [8] , Retinex and Homomorphic filters. However, these algorithms are closed-form solutions, difficult to control their effects and thus, cannot adapt to subtle requirements as required in HDR imaging, which are evaluated using the human visual system (HVS).
Partial differential equation (PDE)-based image processing has matured with established works such as Perona and Malik's Anisotropic Diffusion (AD) [9] , Rudin, Osher and Fatemi's Total Variation Regularization [10] and Shock filter [11] which were initially designed for filtering Additive White Gaussian Noise (AWGN). However, they have also been applied (especially AD) to other areas in image processing [12] [13] [14] [15] .
The utilization of PDE-based image enhancement formulation is not new as seen in [16] . However, in this work, we present results obtained by combining various useful algorithms with a modified process to dramatically improve results not possible to obtain using any of the individual algorithms. Additionally, due to the difficulty of determining the stopping time of the algorithm in RGB space, we resolve this issue by solving for the illumination using only the intensity channel. Furthermore, reliable no-reference image metrics are utilized in optimizing the algorithm for best visual and quantitative results.
The motivation for this work is the development of a fully automated algorithm that would yield consistent results by preserving or enhancing colour and details in both bright and dark image regions respectively. The PDE-based framework enables the gradual processing of images by regulating the contributions of multiple processes within the framework via weighting parameters.
2.
PDE formulation for image enhancement The PDE-based formulation proposed in [16] [17] forms the basis for this work. Normally, two combined processes (in this case, smoothing, ( ) and enhancement ( )functions) acting on a continuous initial image, ( , , ) to yield the process shown in (1) where as a control parameter that regulates the amount of smoothing (using the AD term) with respect to enhancement.
The function, ( ( , , )) in (2) can be any contrast enhancement function though in the original formulation proposed by [16] it is a histogram modification or equalization (HE) transformation function. Other functions, both simple and complex, are employed by other authors to achieve contrast enhancement [18] 
This model is relatively straight-forward and may work with certain images but will yield distorted results for images with uneven illumination. Thus, we modify for such images to improve results.
Proposed PDE model
Using the base illumination-reflectance model [1] , given as; 
Reformulating into PDE form, we obtain the expression
Where the control parameters; , and control the illumination correction ( ( ( , , )) here is a local-global-enhancement algorithm), colour correction and smoothing (AD) terms respectively. The term, is related to the number of iterations in the form;
Additionally, we test this relationship by processing a typical image with the algorithm 100 iterations at varying values for . The results are shown in Fig. 1 . 
Additional experiments and comparisons
The main quantitative measures used include image entropy, Perceptual Quality Metric (PQM) [22] , Colourfulness (C) [23] , Colour Enhancement Measurement (EMEC) [5] , Contrast Enhancement Factor (CEF/F) [22] , Average Gradient (AG) and Hue Deviation Index (HDI) [24] . These are tested to obtain a reliable metric consistent with visual results. The results are shown in Fig. 3 . Results are shown in Table 1A and 1B for various values of α and the additional plots indicate which metrics yield a consistent profile, suitable for utilization in the proposed algorithm to determine optimum operation. 
Visual results
We present a sample of results to show how visually striking the results are using the proposed algorithm. Note the preservation of details in bright areas coupled with detail enhancement in formerly dark regions. 
Comparisons with other algorithms from the literature
Results using PA are compared with those obtained using conventional algorithms from the literature.
(a) These algorithms include histogram specification (HS) [25] , gain offset correction (GOC) and variants [26] (designated as GOC1, GOC2 and GOC3 for ease of notation [27] ), piecewise linear transform (PWL) [28] , global, adaptive and contrast limited adaptive histogram equalization (GHE, AHE and CLAHE) [1] [8], contrast stretching (CS) [29] [30], Homomorphic filter (SHF & FDHF) [2] and their PDE-based formulations, generalized unsharp masking (GUM) [31] , splitting signal alpha rooting (SSAR) [32] , tonal correction (TC) [33] , Anisotropic Diffusion-based enhancement (ADE1 & ADE3) [20] and single and multi-scale Retinex with colour restoration (SSR & MSRCR) [3] . The relevant numerical results are presented in Table 2 . We also test images from the Kodak dataset and the results are shown in Fig. 8 . 
Other possible application areas
The proposed algorithm can also be applied to natural and underwater images with a dominant colour cast. The results are shown in Fig. 15 . The proposed approach can also be used for underwater image enhancement as shown in Fig.  16 , though there is greyish tint in some of the images. Additionally, the algorithm can also be used to enhance some hazy images as shown in Fig. 17 . 
Conclusion
This report has presented the results from the work described in [42] .
